Hepatocellular carcinoma (HCC) is the third leading cause of cancer-related mortality worldwide ([@bib31]). Owing to an increased prevalence in causal risk factors, such as obesity and viral liver infections, the incidence of HCC is increasing in developed countries ([@bib30]). Despite the introduction of novel agents, including the multikinase inhibitor sorafenib for metastatic HCC, the disseminated disease stage is incurable. For locally confined HCC, resection is the gold standard in the curative treatment of this disease ([@bib11]). However, many patients fail a successful complete resection or develop a recurrence in other regions of the organ ([@bib18]). Currently, because of the heterogeneity of the underlying molecular pathophysiological mechanisms in the tumour as well as in the non-neoplastic transformed adjacent liver ([@bib13]), the widely used TNM staging classification system is limited in predicting the course of the disease, the recurrence rate and the survival of patients with HCC ([@bib24]). Therefore, novel prognostic factors are of paramount importance to classify adequately HCC patients with regard to different treatment modalities, to predict individual outcomes, to report pathologic specimens, to conduct postoperative surveillance and to qualify for inclusion into multinational epidemiologic, exploratory and interventional clinical trials ([@bib21]). Recently, many studies have attempted to evaluate clinicopathological features or discover novel biomarkers that lead to a better prediction of the clinical course of HCC ([@bib19]; [@bib2], [@bib1]). In general, the detailed characterisation of the biological properties of a particular pathophysiological factor could provide a logical rationale for testing its potential prognostic significance as a biomarker in HCC. In this context, spinophilin (Spn; also known as Neurabin 2), a multifunctional protein whose gene is located in the 17q21.33 chromosomal region, is commonly downregulated or lost in different human cancers, including renal cell carcinoma, adenocarcinoma of the lung and tumours of the central nervous system ([@bib6]). Furthermore, lower levels of Spn mRNA have been correlated with higher grades of ovarian carcinoma and the progression of chronic myelogenous leukaemia to a more aggressive phenotype ([@bib6]). As a consequence, Spn has been proposed to be a novel tumour suppressor in human cancers ([@bib6]). Notably, its chromosomal location contains a relatively high density of well-known tumour suppressor genes and is commonly impaired by chromosomal alterations in HCCs ([@bib12]). To date, no study has been published that has explored the presence, the distribution or the clinical significance of Spn expression in human HCC. Therefore, we examined Spn expression in HCC tissue by immunohistochemistry and quantitative reverse transcriptase--PCR (RT--PCR). Correlation analyses of Spn expression and other possible interacting partners including microRNA-106a\*, p53 and p14^ARF^ were performed. Consequently, the role of Spn as a valuable novel prognostic marker was evaluated by correlating its expression level with several clinicopathological features as well as disease-free and cancer-specific survival in a large cohort of HCC patients. Finally, we explored the influence of reduced Spn expression on proliferation by correlating its expression with the Ki-67 proliferation marker in HCC tissue. Functional studies to explore the effects of reduced Spn expression on cellular growth were performed by small interfering RNA (siRNA)-mediated Spn silencing in cell line experiments.

Materials and methods
=====================

Patients and tissue samples
---------------------------

One hundred and four patients with primary HCC who underwent a curative liver resection at the Medical University of Graz (Austria) were included in this retrospective study. Tissue samples used in the study were retrieved from the Institute of Pathology, Medical University of Graz. We included consecutive patients diagnosed with HCC between January 1988 and December 2011. For an independent RT--PCR confirmation step, cryopreserved tissue of 10 HCC samples and their corresponding surrounding non-neoplastic liver were selected. The mean follow-up period was 3 years. None of the patients received neoadjuvant therapy or preoperative local treatment, and all underwent resection of the primary tumour. Postoperative surveillance was performed, including routine clinical and laboratory examinations every third month, and CT scans of the abdomen and X-rays of the chest every third month, respectively. After 5 years, the examination interval was extended to 12 months. The 7th edition of the American Joint Committee on Cancer (AJCC)/International Union Against Cancer (UICC) TNM system was used to classify the patients ([@bib32]). The study was approved by the local ethics committee of the Medical University of Graz (ID: 21--135 ex 09/10).

RNA isolation
-------------

For extraction of total RNA from cryopreserved liver tissue, 1 ml Trizol reagent (Invitrogen, Lofer, Austria) was added to a small piece of liver tissue (10 HCCs and their corresponding non-neoplastic liver tissue), which were already transferred into a tube filled up with MagNA Lyser Green beads (Roche Diagnostics, Vienna, Austria). Samples were homogenised by using MagnNA Lyser (Roche Diagnostics) at 6500 r.p.m. for 20 s, followed by incubation at room temperature for 5 min. Subsequently, 0.2 ml chloroform were added to each tube, agitated vigorously by hand for 15 s and incubated at room temperature for 3 min. Samples were centrifuged at 12 000 **g** at 4 °C for 25 min. The upper phase was transferred to a 1.5 ml eppendorf tube. Afterwards, 0.5-ml isopropanol were added, samples were vortexed for 15 s and incubated at room temperature for 10 min. Samples were centrifuged at 12 000 **g** at 4 °C for 10 min. Supernatants were removed and pellets were washed once with 1 ml of 75% ethanol. After centrifugation at 12 000 **g** at 4 °C for 10 min, supernatants were removed again and pellets were dried completely. Finally, pellets were dissolved in 30 μl Aqua bidest (Fresenius Kabi, Graz, Austria) and incubated at 56 °C for 10 min. RNA yield and quality were checked by using the NanoDrop 1000 Spectrophotometer (Peqlab, Erlangen, Germany). Total cellular RNA from HepG2 cells was isolated using the RNAeasy Mini kit (Qiagen, Hilden, Germany) according to the manufacturer\'s instructions.

Immunohistochemistry
--------------------

Immunohistochemical analyses for Spn, p53, p14^ARF^ and Ki-67 expression were performed on whole tissue slides of HCC tissue from all of the 104 patients. The 3-μm-thick sections were deparaffinised in xylene and rehydrated with graded ethanol. For Spn detection, the sections were subjected to antigen retrieval in a pressure cooker (Dako, Glostrup, Denmark; Pascal) in 0.01 ℳ sodium-citrate buffer, pH 6.0, and subsequently incubated for 60 min with a rabbit antibody to human Spn (Millipore; anti-Spn antibody: AB5669 Vienna, Austria) at a 1 : 50 dilution. The reaction was visualised using the UltraVision LP Large Volume Detection System HRP Polymer (Thermo Scientific, Vienna, Austria), and all sections were counterstained with haematoxylin. For the negative control, the primary antibody was omitted. The frequency and the intensity of Spn-positive cells were estimated by two independent experienced observers (AA and MP) on a semiquantitative scoring system. The percentage of positive cells was rated as follows: 0, negative; 1, 1--10% positive cells; 2, 11--50% positive cells; 3, 51--80% positive cells; and 4, \>80% positive cells. The staining intensity was scored as 0, negative; 1, weak; 2, moderate; and 3, intensive. The scores for the percentage of positive cells and the scores for the expression intensities were multiplied to calculate an immunoreactive score (IRS) ([@bib25]). We separated the HCC patients into four groups according to their cytoplasmic expression of Spn (25th percentiles): group 1, IRS 0--2; group 2, IRS 3 and 4; group 3, IRS 6--8; and group 4, IRS 9--12.

For p53 staining, slides were incubated at 60 °C for 1 h and deparaffinised by xylene two times for 10 min. Sections were rehydrated by decreasing ethanol concentrations from 100--90% to 70% and to 50%, followed by a water bath for 40 min. Immunohistochemistry for p53 was performed on a DAKO autostainer (Dako), where a heat-induced epitope retrieval was performed and the antibody against p53 (monoclonal mouse anti-human p53 protein clone DO-7, M7001; Dako) was diluted 1 : 100. Dako Real (Dako; K5001) was used as a detection system. For visualisation, AEC Substrate Chromogen Ready-to-Use Kit (K3464; Dako) was utilised.

The percentages of tumour cells with a strong immunoreactive nuclear signal, indicating p53 accumulation in the nucleus, in the total number of tumour cells were counted in each of 10 high-power fields (magnification, × 40; 1 high-power field=0.24 mm^2^). The mean percentage of immunoreactive tumour cells was then semiquantitatively calculated on a 10-point scale (0--100%).

For p14^ARF^ detection, antigens were unmasked by treating the slides with EDTA-sodium buffer (1 mℳ at pH=8.0) for 20 min in a microwave. After a cooling phase of 20 min, endogenous peroxidase was blocked with 3% H~2~O~2~ (Merck, Darmstadt, Germany) for 10 min at room temperature. A p14^ARF^ antibody (GeneTex; GTX 23642, Irvine, CA, USA) was prepared in a 1 : 20 dilution in antibody diluent (Dako) and incubated for 60 min at room temperature. After washing and incubation with the biotinylated secondary antibody (K5001; Dako) for 30 min at room temperature, streptavidin-conjugated horse radish peroxidase (Dako) was added for additional 30 min at room temperature. AEC Substrate Chromogen Ready-to-Use (K3464; Dako) was used as the detection system for a minimum of 7 min. Colour development was monitored under a microscope. Sections were counterstained with Mayer\'s hemalaun for 1 min.

The percentages of tumour cells with a strong immunoreactive cytoplasmic signal to p14^ARF^ in the total number of tumour cells were counted in each of 10 high-power fields (magnification, × 40; 1 high-power field=0.24mm^2^). The mean percentage of immunoreactive tumour cells was then calculated and scored on a 10-point scale (0--100%).

The Ki-67 immunohistochemistry was analysed as a marker of proliferative activity in HCCs. For the detection of Ki-67, the anti-Ki-67 (30-9) antibody (Rabbit-a-confirm Ki-67 MIB Clone 30-9,Ready-to-Use; Ventana) was used on an autostainer (Ventana) by applying the automated Ventana staining system program CC1 mild (Ventana, Tucson, AZ, USA). The antibody was incubated for 32 min and for visualisation the iVIEW DAB Detection system (Ventana) was used. The number of positively stained nuclei of tumour cells was counted in at least 1000 tumour cells. The Ki-67 proliferation index was classified in accordance with the percentage of positive tumour cells as described previously ([@bib16]).

Quantitative RT--PCR analysis of mRNA and miR-106a\*
----------------------------------------------------

For mRNA quantification, up to 500 ng of total RNA was reverse transcribed into cDNA using the QuantiTect Reverse Transcription Kit (Qiagen) according to the manufacturer\'s instructions. Quantitative RT--PCR was carried out in triplicates for each sample using commercially available primers specific for Spn (Hs_PPP1R9B_1\_SG QuantiTect Primer Assay; Qiagen), the proliferation marker cyclin D2 (Hs_CCND2_1\_SG QuantiTect Primer Assay; Qiagen) and the two housekeeping genes *HMBS* (Hs_HMBS_1\_SG QuantiTect primer assay) and *GAPDH* (Hs_GAPDH_1\_SG QuantiTect Primer Assay, Qiagen) on a LightCycler 480 Real-Time PCR System (Roche Diagnostics) using QuantiTect SYBR Green PCR Kit (Qiagen). Geometric mean of the housekeeping genes *HMBS* and *GAPDH* was used for normalisation, and relative gene expression levels were calculated with the delta delta CT method as previously described ([@bib2]). For detection of miR-106a\* in cryopreserved HCC tissue samples, 500 ng of total RNA was reverse transcribed by the miScript II RT Kit (Qiagen) according to the manufacture\'s protocol. The Hs_miR-106a\*\_1 miScript Primer Assay (mature microRNA (miRNA) sequence: 5′-CUGCAAUGUAAGCACUUCUUAC-3′ Qiagen), the Hs_miR-98_1 miScript Primer Assay (Qiagen) as a positive control (with previously described expression in liver tissue ([@bib33])) and for normalisation of the Hs_RNU6-2_1 miScript Primer Assay (Qiagen) were applied on a LightCycler 480 Real-Time PCR System (Roche Diagnostics) using miScript SYBR Green PCR Kit (Qiagen).

Cell culture
------------

The human hepatoma cell line HepG2 was purchased from American Type Culture Collection (Manassas, VA, USA). Cells were grown in Dulbecco\'s modified Eagle\'s medium (DMEM) (1 × ) (+4.5 g l^−1^ 𝒟-glucose, ℒ-glutamine, Pyruvat) (both form Gibco, Vienna, Austria), containing 10% foetal bovine serum gold (PAA Laboratories, Pasching, Austria) and antibiotics (penicillin and streptomycin) and were incubated in a 5% CO~2~ humidified incubator at 37 °C.

WST-1 proliferation assay
-------------------------

After standard trypsinisation, 10 000 HepG2 cells per well were seeded in 96-well culture plates and incubated in normal growth medium DMEM (Gibco) for 48 h after transfection of siRNA. The WST-1 proliferation reagent (Roche Applied Science, Vienna, Austria) was applied according to the manufacturer\'s recommendations and after 4 h the colorimetric changes were measured using a SpectraMax Plus (Molecular Devices, Sunnyvale, CA, USA) at 450 nm with a reference wavelength at 620 nm. For each condition, cells were seeded in six-well plates and each experiment was independently repeated three times.

Transfection of Spn-targeting siRNA
-----------------------------------

For a transient transfection approach to reduce the Spn mRNA expression, HepG2 cells were transfected using the fast-forward transfection procedure as suggested by the HiPerFect Transfection Reagent (Qiagen) protocol according to the manufacturer\'s instructions. A specific siRNA, which has been previously experimentally validated by the supplier to target the Spn mRNA (Hs_PPP1R9B_7 FlexiTube siRNA; Qiagen), was commercially purchased. For the reference control, we used the Allstars negative control siRNA (Qiagen), which is a validated siRNA without any functional consequence or known target sequence in human cells. For confirmation of transfections efficacy, the AllStars cell death control (Qiagen) were used within the same concentration as the target siRNA and reference control (20 nℳ). For siRNA delivery, 10 000 HepG2 cells in complete RPMI medium were seeded in 96-well plates and siRNA-HiPerFect Reagent transfection complexes were added according to the fast-forward transfection as recommended by the manufacturer (Qiagen). Transfected cells were incubated under their normal growth conditions (37 °C, 5% CO~2~) and the effect on Spn gene silencing was measured by quantitative RT--PCR after 48 h. Effects on cellular growth were monitored after 48 h by the WST-1 proliferation reagent assay and cyclin D2 expression was measured as described above.

Statistical analysis
--------------------

All statistical analyses were performed using SPSS version 17.0 software (SPSS Inc., Chicago, IL, USA). Fisher\'s exact test, the *χ*^2^-test, the Mann--Whitney *U*-test and the Student\'s *t*-test procedure were used where appropriate to analyse Spn protein expression in relation to each clinicopathological parameter, cellular growth rates and gene expression. Spearman\'s correlation was calculated to compare immunohistochemical Spn expression *vs* Spn mRNA expression, as well as p53, p14^ARF^ and Ki-67 staining. Student\'s *t*-test was used to test for differences in cellular growth rates. Disease-free survival (DFS) and cancer-specific survival (CSS) of the patients were calculated using the Kaplan--Meier method, and the differences were compared by the log-rank test. Backward stepwise multivariate Cox proportion analysis was performed to determine the influence of Spn expression, T classification, tumour grade, patient age and gender on DFS and CSS. The hazard ratios (HRs) estimated from the Cox models were reported as relative risks with corresponding 95% confidence intervals (CIs). A *P-*value of \<0.05 was considered significant.

Results
=======

Clinicopathological patient characteristics, including gender, age, tumour stage, tumour grade, growth pattern and presence of liver cirrhosis, are detailed in [Table 1](#tbl1){ref-type="table"}. Tumour grades were G1 in 29 cases (27.9%), G2 in 60 cases (57.7%) and G3 in 15 cases (14.4%). Overall, there were more HCCs in male patients (76.9%), in cirrhotic livers (62.5%) and with trabecular growth pattern (87.4%). Regarding immunohistochemical detection of Spn, we found that in the non-neoplastic liver, Spn staining was predominantly cytoplasmic in a fine granular manner ([Figures 1A and B](#fig1){ref-type="fig"}). In non-cirrhotic livers, the positive staining was homogenous, whereas in cirrhotic nodules, the staining pattern was enhanced at the periphery of the nodules. In portal tracts, some inflammatory cells, such as lymphocytes and macrophages, showed positive Spn staining. The staining in the neoplastic liver was restricted to the cytoplasm and displayed a plump granular staining pattern compared with the fine granules that were predominantly found in the non-neoplastic liver ([Figures 1C--E](#fig1){ref-type="fig"}). Spinophilin staining was completely lost in 44 of 104 (42.3%) cases ([Figures 1F--H](#fig1){ref-type="fig"}) and reduced levels were found in an additional 37 (35.6%) cases. To confirm the reduced levels of Spn expression in HCC samples by an second independent method, we performed measurement of Spn expression by quantitative RT--PCR analysis on 10 HCC and 10 corresponding surrounding non-neoplastic liver samples. In 7 out of 10 cases (70%), a significantly reduced Spn mRNA expression in tumour tissue compared with the corresponding non-neoplastic tissue could be detected (*P*\<0.05; [Figure 2](#fig2){ref-type="fig"}). There was also a significant correlation between Spn mRNA data and Spn immunohistochemistry on these cases (*P*=0.03, Spearman\'s *ρ*). MiR-106a\* expression, a microRNA that has been previously reported as a possible Spn-interacting partner in lung tumours ([@bib22]), was not detected in any of these liver samples (data not shown). To analyse concurrent molecular alterations in other proteins, we performed immunohistochemical analyses of p53 and p14^ARF^ in all 104 cases. Overall, there were 5 of 104 cases (5%) identified with positive nuclear p53 staining and 44 of 104 cases (33%) with a loss of p14^ARF^ staining. There were no correlations found for the number of Spn-positive tumour cells and p53 (*P*=0.132, Spearman\'s *ρ*) or p14^ARF^ staining (*P*=0.847, Spearman\'s *ρ*). To further evaluate whether Spn staining is associated with either clinicopathological parameters or the outcome of patients with HCC, we correlated immunohistochemical Spn staining results with tumour stage, tumour grade, the presence of cirrhosis, gender and age. We found no correlation between the level of Spn staining and the clinicopathological parameters analysed in this study (all *P*-values \>0.05, data not shown). A 10-year DFS was observed in 21 (20.2%) patients, whereas disease recurred in 83 (79.8%) patients, and 76 (73.1%) patients died during the follow-up period. We divided the HCCs according to the semiquantitative IRS into four groups: no staining (*n*=75), weak (*n*=6), moderate (*n*=9) and strong (*n*=14). The interobserver disagreement between the two observers was low (*κ*-value=0.98). For the 10-year CSS, there was no significant difference between negative *vs* weak staining (*P*=0.426), there was a significant difference between weak *vs* moderate staining (*P*=0.041) and there was no significant difference between moderate and strong staining (*P*=0.832, pairwise log-rank tests). Therefore, we decided to dichotomise the HCC cases by assigning negative or weak staining samples to an Spn low expression group and moderate or strong staining samples to an Spn high expression group. Using this cutoff value for Spn staining, we found 81 (77.8%) of 104 HCC cases with Spn low expression and 23 (22.2%) of 104 cases with Spn high expression. Among the 104 HCC patients, disease recurrence was diagnosed after the 10-year follow-up in 69 of 81 (85.2%) cases with Spn low expression and in 14 of 23 (60.9%) cases with Spn high expression (*P*=0.01, log-rank test). For survival, death occurred in 62 of 81 (76.5%) cases with Spn low expression and in 13 of 23 (56.5%) cases with Spn high expression (*P*=0.006, log-rank test). [Figures 3](#fig3){ref-type="fig"} and [4](#fig4){ref-type="fig"} show the Kaplan--Meier curves for the 10-year DFS and the 10-year CSS. These figures show that low Spn expression in neoplastic tissue is a factor for poor prognosis in HCC patients. Applying univariate Cox proportional analysis, low Spn expression (*P*=0.004) and a high T stage (*P*=0.022) were statistically significantly associated with a poor 10-year CSS, whereas no differences could be observed for the presence of cirrhosis (*P*=0.136), high tumour grade (*P*=0.121), age over 65 years (*P*=0.480) or gender (*P*=0.502). To determine the independent prognostic value of low Spn expression on 10-year DFS and CSS, a multivariate Cox proportional hazard analysis was performed, including age, gender and all parameters that were significantly associated with survival in the univariate analysis (Spn expression and T stage). Low Spn expression was also identified by multivariate analysis as an independent predictor for the 10-year DFS (HR=1.8, CI=1.04--3.40, *P*=0.043) and CSS in HCC (HR=2.0, CI=1.1--3.8, *P*=0.025). In an attempt to further clarify the association of impaired clinical outcome in HCC with reduced Spn expression, we correlated Spn immunohistochemical data *vs* the widely used proliferation marker Ki-67. The mean percentage of Ki-67-positive tumour cells in our cohort was 9.7±16.6%. A significant difference in Ki-67-positive cells between the Spn low compared with the Spn high expression group (11.5% *vs* 4.1% Ki-67-positive tumour cell, *P*=0.024, Mann--Whitney *U*-test) could be detected. Also, a significant inverse correlation between Spn expression and Ki-67 labelling exists (*P*=0.014, Spearman\'s *ρ*). For further exploring the possible *in vitro* effects of reduced Spn levels in HCC cells, we established a transfection protocol for an Spn-targeting siRNA in HepG2 cells. After optimisation, a relative reduction of about 80% Spn mRNA expression could be reached ([Supplementary Figure S1](#sup1){ref-type="supplementary-material"} and [Supplementary Data](#sup1){ref-type="supplementary-material"} section). Consecutively, the WST-1 assay was used to investigate the effect of Spn silencing on cellular growth of the transfected HepG2 cells. After 48 h, we observed a statistically significant increase in the growth of Spn-silenced cells in comparison to cells treated by the reference control Allstars negative control (30% increase, *P*\<0.05; [Figure 5](#fig5){ref-type="fig"}). Finally, we measured cyclin D2 gene expression in Spn-silenced cells in comparison to cells treated by the reference control and detected a 50% higher cylin D2 expression level in Spn-silenced cells (*P*\<0.05; [Figure 6](#fig6){ref-type="fig"}).

Discussion
==========

Spinophilin has been previously described as a cytoplasmic scaffold protein that interacts with a number of membranous and cytoskeletal proteins ([@bib29]). Because of its modular molecular structure, several interaction partners, including protein phosphatase 1 (PP1), F-actin, guanine nucleotide exchange factors, G-protein signalling protein regulators, membrane receptors, ion channels and seven-transmembrane receptors, have been identified ([@bib6]). Originally, Spn was discovered as an essential player involved in many physiological processes in the nervous system ([@bib14]; [@bib37]; [@bib3]). The first link between Spn and cancer was presented by a study by [@bib36], who discovered a role for Spn in the cell growth of mammalian cells ([@bib36]). They identified an interaction of Spn with the well-known tumour suppressor protein p14 alternate reading frame (p14^ARF^) ([@bib36]). More recently, studies have indicated additional roles for Spn in human cancers, including an inhibitory impact on the anchorage-independent growth of glioblastoma cells ([@bib28]) and an influence on self-renewal and differentiation in brain tumour stem cells ([@bib27]). [@bib22] recently reported an absence or reduced levels of Spn in nearly 60% of human lung tumours and found that the decreased Spn levels correlated with a more malignant tumour grade.

In this study, we provide the first analysis of the putative tumour suppressor Spn in human HCC tissue and its association with patient clinicopathological data and clinical outcome. According to our data, which are in line with the reduced levels of Spn found in lung and other cancer types ([@bib22]; [@bib6]), Spn immunoreactivity was significantly reduced in a substantial proportion of HCC cases compared with their surrounding non-neoplastic liver tissue. These findings were endorsed by an independent confirmation step by quantitative RT--PCR on a smaller set of samples, which significantly correlated with data from immunohistochemistry. In general, several molecular mechanisms for the loss of Spn protein in human HCCs might be considered. Rearrangement on chromosome 17q is a feature commonly found in human HCCs and could be the principal cause of the loss of Spn expression ([@bib12]). It may be hypothesised that DNA hypermethylation, the occurrence of mutations in the *Spn* gene or Spn-targeting miRNAs lead to a loss of Spn expression in HCC cells. Although miR-106a\* has been reported as a possible regulating factor of Spn expression in lung cancer cells ([@bib22]), we lacked to detect this miRNA in liver tissue and could therefore not establish a role for miR-106a\* in Spn silencing or hepatocarcinogenesis. In addition to the frequently reduced Spn levels in HCC, our investigations revealed that low Spn expression is associated with a lower DFS and a lower 10-year survival rate in patients with HCC. Importantly, our study revealed that low Spn expression independently predicts a higher risk of disease relapse and death after multivariate adjustment for other prognostic factors. To the best of our knowledge, no studies have addressed the topic of Spn expression in human HCC thus far. Given the lack of experimental data that could explain the association between the reduced Spn level and poor clinical outcome in HCC patients, the underlying mechanisms remain speculative. One possible explanation might be the previously published link to the p14^ARF^ tumour suppressor protein ([@bib36]). p14^ARF^ acts as an upstream regulator of the retinoblastoma (Rb)-cyclin dependent kinase-4 and p53 pathways, thereby inducing cell cycle arrest ([@bib36]). Previously published studies reported frequent inactivation of p14^ARF^ in approximately 15--40% of HCCs ([@bib35]; [@bib23]; [@bib4]), which is corroborated by our study as we found a loss of p14^ARF^ in about 30% of HCCs. A diminished function or loss of p14^AR^ has been shown to promote the invasion and migration of hepatocellular cancer cells ([@bib8]), and the loss of p14^ARF^ is associated with higher telomerase activity in HCC ([@bib38]). Thus, impairment of the Spn--p14^ARF^ interaction in HCCs caused by decreased Spn expression might influence p14^ARF^-mediated tumour-suppressive functions. Another pathophysiological factor might be the interaction between Spn and PP1. Spinophilin regulates PP1 catalytic subunit activity ([@bib20]), and the loss of Spn is associated with low PP1 phosphatase activity ([@bib9]). Protein phosphatase 1 is one of the key eukaryotic serine/threonine protein phosphatases, with significantly elevated activity in human HepG2 and rat AH13 hepatoma cells compared with primary cultured hepatocytes ([@bib15]). The PP1 inhibitor microcystin-LR selectively induces liver damage and promotes hepatocarcinogenesis ([@bib17]). Protein phosphatase 1 inhibition in the liver cancer cell line Huh-7 modulates oncogenic RNA alternative splicing to devitalise the cancer cells ([@bib7]). Taken together, reduced expression of Spn might lead to altered PP1 activities that, in turn, would affect PP1-mediated functions in HCC. Interestingly, PP1 is also involved in the mitotic dephosphorylation of phosphorylated Rb protein ([@bib34]), as well as in the dephosphorylation of specific residues of p53 ([@bib26]), thereby regulating the control of cell cycle progression ([@bib26]). A recently published study by [@bib10] showed that the loss of Spn reduced PP1 activity, resulting in a high level of proproliferative phosphorylated Rb, which in turn leads to a compensatory increase in p14^ARF^ and p53 activity. However, in the absence of p53 or mutated p53, reduced levels of Spn enhanced the tumorigenic potential of the cells, whereas ectopic overexpression of Spn in these human tumour cells greatly reduced cell growth ([@bib10]). Because the nuclear accumulation of p53 largely correlates with mutated p53, we tested whether the loss of Spn staining is correlated with nuclear p53 staining but found no significant correlation between Spn and p53 or p14^ARF^ immunohistochemistry. Overall, we found rather low numbers of potential p53-mutated HCC cases in our cohort (5%). As shown previously, the incidence of p53 gene abnormalities in HCC varies in different geographical areas, which is due to different underlying environmental and genetic risk factors, resulting in less frequently encountered p53 mutations in Europe ([@bib5]). Although the mechanisms discussed above could be considered as potentially involved in HCC, we could not establish any correlation between p14^ARF^ or p53 expression and Spn immunoreactivity. Thus, other factors might also be relevant for the pathophysiolocial role of reduced levels of Spn in tumour progression of HCC. However, these factors need further experimental and clinical validation before a p53-independent tumorigenic role of Spn in HCC could be broadly accepted. Recently, [@bib6] reported that Spn knockout mice had decreased lifespan with increased cellular proliferation in different tissues. To explore a possible pathophysiological role of reduced Spn expression in HCC, we measured the widely used proliferation marker Ki-67 on the whole cohort to determine the proliferative activity ([@bib16]). Overall, we detected a significant inverse correlation between Spn expression and proliferative activity in HCC. Therefore, we established an siRNA-based Spn silencing approach to study the effects of reduced Spn levels in tumour cells. The transfected cells showed a significant increase of cellular growth and an increased expression of the proliferation marker cyclin D2 when Spn mRNA was silenced. These *in vivo* and *in vitro* data support the hypothesis that a reduced Spn expression might act as a growth-promoting factor in HCC.

In summary, we identified that a substantial number of human HCCs show reduced or absent Spn immunoreactivity and mRNA expression, a finding that is compatible with the previously observed loss of Spn in lung adenocarcinoma and other types of cancer. The low expression of Spn in tumour tissue is an independent negative prognostic factor for clinical outcome in HCC patients. Spinophilin expression inversely correlates with proliferative activity *in vivo* and cellular growth *in vitro*. Further preclinical studies are warranted for the validation of Spn as a novel prognostic biomarker in HCC.
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![**Representative micrographs of immunohistochemical staining of Spn in non-neoplastic and neoplastic liver tissue.** (**A** and **B**) Non-neoplastic liver with a portal tract in the centre showing positive Spn staining in the surrounding hepatocytes. The staining pattern is fine granular and confined to the cytoplasm of the hepatocytes (magnification -- **A**: × 20; **B**: × 40). (**C**) Non-neoplastic liver on the left side of the micrograph showing fine granular staining, whereas the corresponding HCC tissue on the right side displays a plumper granular fashion in the cytoplasm (magnification -- × 20). (**D** and **E**) Hepatocellular carcinoma tissue showing positive plump granular cytoplasmic Spn staining (magnification -- **D**: × 40; **E**: × 60). (**F** and **G**) Non-neoplastic liver tissue positive for Spn on the right side, whereas the HCC tissue on the left side is negative (magnification -- **F**: × 20; **G**: × 40). (**H**) Hepatocellular carcinoma negative for SPN. Note single positive macrophages between the tumour cell trabeculae (magnification -- × 60).](bjc2013165f1){#fig1}

![**Expression analysis of Spn mRNA measured by RT--PCR in different human HCC samples (grey bars) and their corresponding non-neoplastic (black bars) liver tissue (*n*=10).** Seven out of 10 HCC samples showed a significantly reduced level of Spn mRNA when compared with the corresponding normal tissue (*P*\<0.05).](bjc2013165f2){#fig2}

![**Kaplan--Meier plots for 10-year DFS in patients with HCC showing low *vs* high Spn immunoreactivity.**](bjc2013165f3){#fig3}

![**Kaplan--Meier plots for 10-year CSS in patients with HCC showing low *vs* high Spn immunoreactivity.**](bjc2013165f4){#fig4}

![**WST-1 cell proliferation assay showing that reduced Spn levels by siRNA increased the cellular growth rates after 48 h by about 30% (*P*\<0.05) compared with the Allstars negative control siRNA.**](bjc2013165f5){#fig5}

![**Cyclin D2 expression increased about 1.5-fold after 48 h of treatment with Spn -targeting siRNA compared with the reference Allstars negative control.**](bjc2013165f6){#fig6}

###### Clinicopathologic characteristics of the HCC patients included in this study (*n*=104)

  **Clinicopathologic parameters**    **Patients (*****n*****=104)**   **Proportion**
  ---------------------------------- -------------------------------- ----------------
  **Gender**                                                          
  Male                                              80                     76.9%
  Female                                            24                     23.1%
  **Age at diagnosis (years)**                                        
  \<65                                              57                     54.8%
  ⩾65                                               47                     45.2%
  **Tumour stage**                                                    
  T1                                                15                     14.4%
  T2                                                33                     31.7%
  T3                                                45                     43.3%
  T4                                                11                     10.6%
  **Tumour grade**                                                    
  G1                                                29                     27.9%
  G2                                                60                     57.7%
  G3                                                15                     14.4%
  **Growth pattern**                                                  
  Trabecular                                        91                     87.6%
  Non-trabecular                                    13                     12.4%
  **Cirrhosis**                                                       
  Yes                                               65                     62.5%
  No                                                39                     37.5%

Abbreviation: HCC, hepatocellular carcinoma.

[^1]: These authors contributed equally to this work.
